( 1 ) where v is the scalar velocity of neutron corresponding to the energy E, p(E,t ) the timedependent scalar neutron flux spectrum, Sa(E) the macroscopic absorption cross section, Ss(E) the macroscopic scattering cross section at energy E, D(E) B2 (E) the leakage term for the finite size moderator, D(E) the diffusion constant, B2 (E) the geometrical buckling, S(E'->E) dE the scattering kernel, that is, the macroscopic differential scattering cross section for transfer from the energy E' to the infinitesimal energy bin dE at the energy E, and Q (E, t) the source term. Equation ( 1 ) can be numerically solved by the time step method, after discretization in the energy variable. The scattering kernel can be calculated from a generalized frequency distribution. The frequency distribution of ice can be described with three terms; the high-energy part due to the intramolecular vibration, the intermediate part due to the hindered rotations and the lowenergy part due to the vibrations of the total H2 0 molecule in the ice lattice. The low-energy part of the frequency distribution will predominantly contribute to the thermalization of neutrons in ice at low temperature. To calculate the scattering kernels, we used here three models for the frequency distribution, i.e. the Debye, Nakahara and Larsson models. (18) J. NucL Technol., Figure 1 shows the low-energy part of the frequency distribution for hexagonal ice at 0dc, which was obtained by Nakahara (16) 
where ssb is the bound-atom scattering cross section per molecule, M the mass of the molecule relative to the neutron mass, K the Boltzmann constant, OD the Debye temperature and To the moderator temperature.
The optimum values of TD of ice at different temperatures are listed in Table 1 . These values were obtained by comparing the calculated neutron spectra with the experimental ones, i.e. by adjusting TD so as to fit the experimental spectra(15) which will be shown in Chap. IV.
Numerical calculations of the time-dependent neutron spectra in the ice pile of 156 mm in diameter and 160 mm in height was carried out by using the time step code(23) based on Eq. ( 1 ) with the initial conditions that a neutron source is Maxwellian at 500 K and with the time mesh D t = 1 ms. The number of energy groups is 30 for the three different kernels at various temperatures. Fig. 4 (a) , (b). Figure 5 (a), (b) also shows these cross sec- At 86 (Fig. 6(1) ) and 38 K (Fig. 6(2) ), an equilibrium (asymptotic) spectrum seems to be formed after about 600 ms, for both models. At 16 K, however, the neutrons are still for their equilibrium state even 900 as after the neutron burst.
IV.
COMPARISON OF CALCULATED
AND MEASURED SPECTRA
The measurement of the time-dependent neutron spectra in the ice pile at temperatures ranging 86 16 K has been reported in elsewhere. Figure 8 (a), (b) shows the selected results of the measured time-dependent neutron spectra in comparison with the calculated spectra at 86 and 38 K, respectively. The peak value of the calculated spectrum at the earliest time step shown in each figure is normalized to the peak of the experimental data at the same time interval. It can be seen that the calculated timedependent spectrum for both case becomes more in agreement with the experimental one with increasing the elapsed time. At 86 K (Fig. 8(a) ) and 600 ms, the measured spectrum agree well with both the N-and D-model calculation. At 38 K (Fig. 8(b) ) and 600 ms, however, the D-model calculation agree better than the N-model. Figure 9 (a), (b) shows the results of the calculated neutron spectra in comparison with the measured spectra for the most elapsed time step (800 and 900 ms) and at 26 and 16 K , Fig. 8 (a), (b Table 1 . Figure 10 shows a comparison of the timedependent neutron spectra at 16 K by the N-and L-models, it is clear that these results are much closer with each other.
V. CONCLUSION
The time-dependence of neutron spectra in ice in the temperature range of 86~16 K has been investigated. Three scattering models have been tested by a comparison of calculated and measured spectra.
At temperature higher than about 38 K, the effect of the difference in the frequency distribution is very small in an ice pile. The average energies of the calculated spectra by the Nmodel at 800/900 ms and at 26/16 K are, however, 9/24% smaller than the experimental values ; the N-model overestimates the thermalization power of ice at these temperatures. These tendencies may suggest that structural changes in crystal of ice.
On the other hand, the calculated spectra by the D-model with the Debye temperature TD defined by the relation "TD= 208 + 0.03 To" 
